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ABSTRACT
We have performed our data analysis of the observations by Swift, NuStar and Fermi satellites in order to
probe the induced gravitational collapse (IGC) paradigm for GRBs associated with supernovae (SNe), in the
“terra incognita” of GRB 130427A. We compare and contrast our data analysis with those in the literature. We
have verified that the GRB 130427A conforms to the IGC paradigm by examining the power law behavior of
the luminosity in the early 104 s of the XRT observations. This has led to the identification of the four different
episodes of the “binary driven hypernovae” (BdHNe) and to the prediction, on May 2, 2013, of the occurrence
of SN 2013cq, duly observed in the optical band on May 13, 2013. The exceptional quality of the data has
allowed the identification of novel features in Episode 3 including: a) the confirmation and the extension of the
existence of the recently discovered “nested structure” in the late X-ray luminosity in GRB 130427A, as well
as the identification of a spiky structure at 102 s in the cosmological rest-frame of the source; b) a power law
emission of the GeV luminosity light curve and its onset at the end of Episode 2; c) different Lorentz Γ factors
for the emitting regions of the X-ray and GeV emissions in this Episode 3. These results make it possible to
test the details of the physical and astrophysical regimes at work in the BdHNe: 1) a newly born neutron star
and the supernova ejecta, originating in Episode 1, 2) a newly formed black hole originating in Episode 2, and
3) the possible interaction among these components, observable in the standard features of Episode 3.
Subject headings: black hole physics — gamma-ray burst: general — nuclear reactions, nucleosynthesis, abun-
dances — stars: neutron — supernovae: general
1. INTRODUCTION AND SUMMARY OF PREVIOUS
RESULTS
That some long gamma-ray bursts (GRBs) and supernovae
(SNe) can occur almost simultaneously has been known for
a long time, since the early observations of GRB 980425/SN
1998bw (Galama et al. 1998; Pian et al. 2000). This associa-
tion of a GRB and a SN occurs most commonly in a family of
less energetic long GRBs with the following characteristics:
1) isotropic energies Eiso in the range of 1049–1052 erg (Guetta
& Della Valle 2007); 2) a soft spectrum with rest-frame peak
energy Ep,i < 100 keV, although the instruments are sensitive
up to GeV; 3) supernova emissions are observable up to a cos-
mological distance z < 1. We shall refer to this family in the
following as family 1. This result has been well recognized in
the literature, see e.g. (Maselli et al. 2013).
There is an alternative family of high energetic long GRBs
possibly associated with SNe which have a much more com-
plex structure. Their characteristics are: 1) Eiso is in the range
1052–1054 erg; 2) they present multiple components in their
spectra and in their overall luminosity distribution, ranging
from X-ray, γ-ray all the way to GeV emission. They have
peak energies from 100 keV to some MeV; 3) in view of their
large energetics, their observation extends to the entire uni-
verse all the way up to z = 8.2 (Ruffini et al. 2014). We shall
refer to this family in the following as family 2.
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Figure 1. Three different matrices in fundamental physics. The first is the
quark matrix leading to a Higgs boson. In the middle is the classical electron-
positron pair matrix, generating an muon and anti-muon pair. The third ma-
trix is the most recent one, which is considered in the present work. ∆t is the
duration of intermediate state.
Doubts were advanced that SNe may be associated with
very bright long GRBs: naive energetic arguments considered
that there can hardly be a SN in a powerful GRB within the
single star collapse model (see e.g. Maselli et al. 2013).
The issue of the coincidence of very energetic GRBs with
SN has represented for some years an authentic “terra incog-
nita”. The crucial point is to clarify whether this association of
GRBs and SNe is only accidental or necessary, independent of
their energetics. Up to June 2014, out of 104 long GRBs with
known redshift z < 1, 19 GRBs associated with SNe belong-
ing to the family 2 have been observed (Kovacevic et al. 2014),
and GRB 130427A with isotropic energy Eiso' 1054 erg is the
most energetic one so far.
In (Ruffini et al. 2001, 2008), we have introduced the
paradigm of induced gravitational collapse (IGC) in order
to explain the astrophysical reasons for the association of
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GRBs with supernovae. This paradigm indicates that all
long GRBs, by norm, have to be associated with SNe. The
IGC paradigm differs from the traditional collapsar-fireball
paradigm (see, e.g., Piran 2005, and references therein). In
the collapsar-fireball model the GRB process is described by
a single episode: 1) it is assumed to originate in a “collap-
sar” (Woosley 1993); 2) the spectral and luminosity analysis
is typically time integrated over the entire T90 (see e.g. Tavani
1998); 3) the description of the afterglow is dominated by a
single ultra-relativistic jetted emission (see, e.g., in Rhoads
1999; van Eerten et al. 2010; van Eerten & MacFadyen 2012;
Nava et al. 2013). In contrast, the IGC paradigm considers
a multi-component system, similar to the ones described by
S-matrix in particle physics as shown in Figure 1: 1) the “in-
states” are represented by a binary system formed by a FeCO
core, very close to the onset of a SN event, and a tightly bound
companion neutron star (NS) (Ruffini et al. 2008; Rueda &
Ruffini 2012; Izzo et al. 2012). The “out-states” are the cre-
ation of a new NS (ν-NS) and a black hole (BH). In the
case of particle physics the S-matrix describes virtual phe-
nomena occurring on time scales of 10−26 s (Aad et al. 2012,
qq¯→WZH0) and 10−23 s (Bernardini 2004, e+e−→ µ+µ−). In
the astrophysical case, here considered, the cosmic matrix (C-
matrix) describes real event occurring on timescale ∼ 200 s,
still a very short time when compared to traditional astrophys-
ical time scales. Following the accretion of the SN ejecta onto
the companion NS binary, a BH is expected to be created, giv-
ing origin to the GRB; 2) special attention is given to the anal-
ysis of the instantaneous spectra in optical, X-ray, γ-ray and
GeV energy range (as exemplified in this article); 3) four dif-
ferent episodes are identifiable in the overall emission, each
with marked differences in the values of their Lorentz Γ fac-
tors (Ruffini et al. 2014b). Actually the possible relevance
of a binary system in the explanation of GRBs was already
mentioned in a pioneering work of Fryer et al. (1999) and in
Broderick (2005), but the binaries in their case were a trigger
to the traditional collapsar model.
The opportunity to probe the IGC paradigm (Izzo et al.
2012) has come from the prototypical source GRB 090618,
a member of family 2. This source, has an extremely high
energetics, i.e., Eiso = 2.7× 1053 erg, is at a relatively close
distance, i.e., z = 0.54, and has a coverage by all the existing
γ, X-ray and optical observatories.
A wealth of results have been obtained:
1) Episode 1 corresponding to the onset of the SN and the
accretion process onto the companion NS was soon identified
in the early 50 s, with a thermal plus power law component
in the spectra (see Izzo et al. 2012, Fig. 16), as well as a tem-
poral evolution of the radius of the emitting region expanding
from 109 cm to 7× 109 cm (see Izzo et al. 2012, Fig. 18),
leading to a precise determination of its overall energetics of
4×1052 erg.
2) Episode 2 with the GRB emission, following the onset of
gravitational collapse and the BH formation, was also clearly
identified with the characteristic parameters: an isotropic
energy Eiso = 2.49× 1053, baryon loading B = 1.98× 10−3,
Lorentz factor Γ = 495 (see Izzo et al. 2012, Fig. 4), and peak
energy Ep,i = 193 keV. The average number density of the cir-
cumburst medium (CBM) is 〈nCBM〉 = 0.6 cm−3. The charac-
teristic masses of each CBM cloud have been found to be of
the order of ∼ 1022–1024 g, at 1016 cm in radii (see Izzo et al.
2012, Fig. 10).
3) Episode 3 of GRB 090618, detected by Swift-XRT, starts
Figure 2. IGC spaceâA˘S¸time diagram (not in scale) illustrates 4 episodes of
IGC paradigm: the non-relativistic Episode 1 (Γ' 1), the relativistic motion
of Episode 2 (Γ ' 102 ∼ 103), the mildly relativistic Episode 3 (Γ ' 2),
and non-relativistic Episode 4 (Γ ' 1). Initially there is a binary system
composed by a massive star (yellow thick line) and a neutron star (blue line).
The massive star evolves and explodes as a SN at point A, forms a νNS (red
line). The companion NS accretes the supernova ejecta starting from point
B, interacts with the νNS starting from point C, and collapses into a black
hole (black line) at point D, this period from point B to point D we define
asEpisode 1. Point D is the starting of Episode 2, due to the collision of GRB
outflow and interstellar filaments. At point E, Episode 2 ends and Episode 3
starts, Episode 3 lasts till the optical signal of supernova emerges at point F,
where the Episode 4 starts. (Credit to M.Enderli on drawing this visualized
space-time diagram.)
at 150 s after the burst trigger and continues all the way up
to 106 s. It consists of three different parts (Nousek et al.
2006): a) a first very steep decay; b) a shallower decay, the
plateau and c) a final steeper decay with a fixed power law
index. It soon became clear that this Episode 3, which had
been interpreted in the traditional approach as part of the GRB
afterglow (Piran 2005; Rhoads 1999; van Eerten et al. 2010;
van Eerten & MacFadyen 2012; Nava et al. 2013), appeared
to be the seat of a set of novel independent process occurring
after the end of the GRB emission and preceding the optical
observation of the SN, which we indicated as Episode 4.
Recently, progress has been made in the analysis of Episode
1. It is characterized by the explosion of the FeCO core,
followed by the hypercritical accretion onto the NS which
leads to the reaching of the critical mass of the NS and con-
sequently to its induced gravitational collapse to a BH. The
hypercritical accretion of the SN ejecta onto the NS has been
estimated using the Bondi-Hoyle-Lyttleton formalism to be
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10−2 M s−1, here M is the solar mass (Bondi & Hoyle 1944;
Bondi 1952), see e.g., in(Rueda & Ruffini 2012). The inflow-
ing material shocks as it piles up onto the NS, producing a
compressed layer on top of the NS (see e.g., Fryer et al. 1996).
As this compressed layer becomes sufficiently hot, it triggers
the emission of neutrinos which cool the in-falling material,
allowing it to be accreted into the NS (Zel’dovich et al. 1972;
Ruffini & Wilson 1975; Ruffini et al. 1999, 2000; Fryer et al.
1996, 1999). Recently Fryer et al. (2014) have presented a
significant progress in understanding the underlying physical
phenomena in the aforementioned hypercritical accretion pro-
cess of the supernova ejecta into the binary companion neu-
tron star (Ruffini et al. 2008; Rueda & Ruffini 2012). The
new treatment, based on the two-dimensional cylindrical ge-
ometry smooth particle hydrodynamics code, has simulated
numerically the process of hypercritical accretion, the clas-
sical Bondi-Hoyle regimes, in the specific case of the IGC
paradigm and leading to the first astrophysical application
of the neutrino production process considered in Zel’dovich
et al. (1972) and in Ruffini & Wilson (1975), see e.g., in R.
Ruffini et al. presentation in Zeldovich-100 meeting5. Indeed
the fundamental role of neutrinos emission allows the accre-
tion rate process to increase the mass of the binary companion
star to its critical value and lead to the black hole formation
giving origin to the GRB in Episode 2. This results confirm
and quantifies the general considerations presented in(Rueda
& Ruffini 2012).
On Episode 2 all technical, numerical and basic physical
processes have been tested in the literature, and the fireshell
model is now routinely applied to all GRBs, see e.g., GRB
101023 in Penacchioni et al. (2012) and GRB 110709B in
Penacchioni et al. (2013).
The main aim of this article is dedicated to a deeper under-
standing of the physical and astrophysical process present in
Episode 3:
1) to evidence the universality properties of Episode 3, ob-
served in additional sources belonging to family 2, as com-
pared and contrasted to the very high variability of Episode 1
and Episode 2 components;
2) to present observations of GRB130427A leading to iden-
tify new physical regimes encountered in Episode 3 and their
interpretation within the IGC paradigm;
3) to evidence the predictive power of the observations of
Episode 3 and outline the underlying physical process leading
to the characterization of the two above mentioned families of
GRBs.
To start we will summarize in the next paragraph some
qualifying new features generally observed in Episode 3 of
selected GRBs of the Family 2 and proceed in the following
paragraphs to the specific new informations acquired Episode
3 from GRB 130427A. We will then proceed to the general
conclusions.
2. THE QUALIFYING FEATURES OF EPISODE 3
As observations of additional sources fulfilling the IGC
paradigm were performed, some precise qualifying features
for characterizing Episode 3 have been found:
a) In some GRBs with known redshift belonging to this
family 2 the late X-ray luminosities at times larger than 104 s
appeared to overlap, when duly scaled in the proper rest frame
of the GRB source (Penacchioni et al. 2012). This was soon
5 http://www.icranet.org/index.php?option=com_content&task=view&
id=747&Itemid=880
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Figure 3. The golden sample scaling law (Pisani et al. 2013). X-ray lumi-
nosity light curves of the six GRBs with measured redshift in the 0.310 keV
rest-frame energy range: in pink GRB 060729, z = 0.54; black GRB 061007,
z = 1.261; blue GRB 080319B, z = 0.937; green GRB 090618, z = 0.54, red
GRB 091127, z = 0.49, and in cyan GRB 111228, z = 0.713.
confirmed for a sample of 6 GRBs, i.e. GRB 060729, GRB
061007, GRB 080319B, GRB090618, GRB 091127, GRB
111228, which we have called the “golden sample” (GS)
(Pisani et al. 2013), see Figure 3. This unexpected result has
led to adopt this universal luminosity versus time relation in
the late X-ray emission of Episode 3 as a distance indicator.
For some GRBs without a known cosmological redshift and
exhibiting the general features of the four episodes, we im-
posed the overlapping of the late power law X-ray emission
in their Episode 3 with the ones of the GS and we have conse-
quently inferred the value of the cosmological redshift of the
source. This in turn has led to inferring the overall energet-
ics of the source and to proceed to a consistent description of
each episode following our theoretical model. This has been
the case with GRB 101023, having inferred redshift z = 0.9
and Eiso = 4.03×1053 erg (Penacchioni et al. 2012), and GRB
110709B, with inferred redshift z = 0.75 and Eiso = 2.43×1052
erg (Penacchioni et al. 2013).
The above analysis has initially addressed sources with
z < 1, where the associated SNe are observable. There is
no reason to doubt that the IGC paradigm applies as well to
sources for z > 1. In this case clearly the SN is not observ-
able with the current optical telescopes but the existence of all
the above episodes, with the exception of Episode 4 related to
the optical observation of the SN, in principle can be verified,
if they are above the observational threshold, and the mem-
bers of the GS are correspondingly further increased. Indeed,
significant results have been reached by observing the fulfill-
ment of the above scaling laws in Episode 3 of GRB 090423,
at z = 8.2 (Ruffini et al. 2014). The occurrence of this over-
lapping in the late X-ray emission observed by XRT has been
considered as the necessary and sufficient condition to assert
that a GRB fulfills the IGC paradigm.
b) The identification of a thermal emission occurring in the
initial very steep decay of Swift-XRT data of Episode 3 in
GRB 090618 (Ruffini et al. 2014b). We are currently exam-
ining other GRBs showing this feature, e.g., 060729, 061007,
061121 (Page et al. 2011; Starling et al. 2012; Friis & Watson
2013). From these thermal emissions it is possible to infer
the dimensions of the X-ray emitting regions as well as their
Lorentz Γ factors in this earliest part of Episode 3 (Ruffini
et al. 2014b). A typical mildly relativistic expansion regime
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with Γ. 2 and characteristic radii R∼ 1013 cm has been iden-
tified (Ruffini et al. 2014b). These observational facts lead to
a novel approach to the theoretical understanding of the X-ray
emission process of Episode 3, profoundly different from the
ultra-relativistic one in the traditional jet afterglow collapsar
paradigm model (Piran 2005; Mészáros 2006). We have con-
cluded that this emission is not only mildly-relativistic, but
also linked to a wide angle emission from the SN ejecta, in
the absence of any sign of collimation (Ruffini et al. 2014b).
c) From the direct comparison of the late X-ray emission
of the GS sources, we have recently identified the appearance
of a “nested structure”, which we illustrate in Figure 4, com-
paring and contrasting the corresponding behavior of GRB
130427A with one theGSGRB 060729 (Ruffini et al. 2014b).
The occurrence of these nested structures shows, among oth-
ers, that in the case of the most intense sources, the common
power law observed for the X-ray luminosities for time larger
than 104 s do extend to earlier times, see Figure 4. Indeed,
for the most intense sources the common power law behavior
is attained at an earlier time and at higher X-ray luminosities
than the characteristic time scale indicated in (Pisani et al.
2013), see Figure 3. As we are going to show, in the present
highly energetic GRB 130427A, this behavior starts at much
earlier times around 400 s.
Some of the above results were presented by one of the
authors in the 2013 Texas Symposium on Relativistic Astro-
physics 6. There, referring to these sources originating in a
tight binary system composed of a FeCO core at the onset of
a SN event and a companion NS were named “binary driven
hypernovae” (BdHNe, Ruffini et al. 2014b), in order to distin-
guish them from the traditional hypernovae (HN).
The occurrence of the three features of Episode 3 listed
above as obtained by our data analysis are becoming crucial
to the theoretical understanding of the GRB-SN phenomena.
They have never been envisaged to exist nor predicted in the
traditional collapsar-fireball paradigm (Nava et al. 2013; van
Eerten & MacFadyen 2012; van Eerten et al. 2010). The IGC
paradigm motivated an attentive data analysis of Episode 3
and the discovery of its universality has been a by-product.
3. EPISODE 3 IN THE CASE OF GRB 130427A
We are going to show in this paper, in what follows, how
GRB 130427A, associated with SN 2013cq and being the
most luminous GRB ever observed in the past 40 years, of-
fers the longest multi-wavelength observations of Episode 3
so far. It confirms and extends all the above understanding
and the corresponding scaling laws already observed in X-ray
to lower and higher energies. It allows the exploration of the
occurrence of similar constant power law emission in the high
energy emission (GeV) and in the optical domain. We proceed
with our data analysis of the ultra high GeV energy observa-
tions (Fermi-LAT), those in soft and hard X-rays (Swift-XRT
and NuStar, respectively) as well as of optical observations
(Swift-UVOT and ground based satellites). Our results are
compared to and contrasted with the current ones in the liter-
ature. These observational facts set very specific limits: a) on
the Lorentz Γ factor of each component; b) on the correspond-
ing mechanism of emission; c) on the clear independence of
any prolongation of the GRB emission of Episode 2 to the
emission process of Episode 3.
The observation of the scaling law in the first 2×104 s alone
has allowed us to verify the BdHN nature of this source which
6 http://nsm.utdallas.edu/texas2013/proceedings/3/1/Ruffini.pdf
Figure 4. Top: Overlapping of GRB 130427A and GRB 060729. Green
cross is the light curve of GRB 060729. Red triangle and orange dots rep-
resent the light curve of GRB 130427A respectively before and after May 2,
2013. The vertical line marks the time of 2×104 s which is the lower limit for
the domain of validity of the Pisani relation prior to GRB 130427A. Bottom:
This figure shows GRB 060729 and 130427A have different magnitudes of
the isotropic energy, but exhibit a common scaling law after 2×104 s. It also
shows that the low isotropic energy GRB 060729 has a longer plateau, while
the high isotropic energy GRB 130427A doesn’t display an obvious plateau.
necessarily implies the presence of a SN. Consequently, we
recall in Sec. 3.1 that we made the successful prediction of the
occurrence of a supernova which was observed in the optical
band, as predicted on May 2, 2013.
In Sec. 3.2, we summarize our own data reduction of the
Fermi and Swift satellites, we compare and contrast them with
the ones in the current literature.
In Sec. 3.3, we discuss the finding of a thermal component
in the early part of X-ray emission of Episode 3: this is crucial
for identifying the existence of X-ray emission of a regime
with low Lorentz factor and small radius, typical for super-
nova ejecta.
In Sec. 3.4 we compare and contrast the broad band (op-
tical, X-ray, γ-rays all the way up to GeV) light curves and
spectra of Episode 3
In Sec. 3.5 we point out the crucial difference between the
X-, γ-ray and GeV emission in Episode-3.
In Sec. 3.6 we proceed to a few general considerations on
ongoing theoretical activities.
Secs. 4 is the summary and conclusions.
3.1. Identification and prediction
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With the appearance of GRB 130427A, we decided , as re-
called above, to explore the applicability of the IGC paradigm
in the “terra incognita” of GRB energies up to ∼ 1054 erg.
In fact, prior to GRB 130427A, the only known case of an
equally energetic source, GRB 080319B, gave some evidence
of an optical bump (Bloom et al. 2009; Tanvir et al. 2010), but
in no way a detailed knowledge of the SN spectrum or type.
We soon noticed in GRB 130427A the characteristic overlap-
ping of the late X-ray decay in the cosmological rest frame of
the source with that of GRB 060729, a member of the golden
sample (in red in Fig. 4), and from the overlapping we de-
duced a redshift which was consistent with the observational
value z = 0.34 (Levan et al. 2013).
Therefore from the observations of the first 2×104 s, GRB
130427A has been confirmed to fulfill the IGC paradigm, and
we conclude, solely on this ground, that a SN should neces-
sarily be observed under these circumstances. We sent the
GCN circular 145267 (Ruffini et al. 2013b) on May 2, 2013
predicting that the optical R-band of a SN will reach its peak
magnitude in about 10 days in the cosmological rest-frame
on the basis of the IGC paradigm, and we encouraged obser-
vations. Indeed, starting from May 13, 2013, the telescopes
GTC, Skynet and HST discovered the signals from the type Ic
supernova SN 2013cq (de Ugarte Postigo et al. 2013; Trotter
et al. 2013; Levan et al. 2013a,b; Xu et al. 2013). We kept
updating the X-ray Swift data for weeks and we confirmed the
complete overlapping of the late X-ray luminosities, in the
respective cosmological rest frames, of GRB 130427A and
GRB 060729 (in orange in Fig. 4). From these data it soon be-
came clear that the power law behavior of the late time X-ray
luminosity with index α∼ 1.3 indicated in (Pisani et al. 2013),
leading to the new concept of the “nesting of the light curves”,
started in this very energetic source already at∼ 102 s follow-
ing an initial phase of steeper decay (Ruffini et al. 2014b).
Contrary to the traditional approach which generally con-
siders a GRB to be composed of the prompt emission fol-
lowed by the afterglow, both of which vary from source to
source, the IGC paradigm for this family 2 has introduced
the Episode 3 which shows regularities and standard late time
light curves, largely independent of the GRB energy. It soon
became clear that, with Episode 3, we were starting to test
the details of the physics and astrophysics of as yet unex-
plored regimes implied by the IGC paradigm: 1) a ν-NS and
the SN ejecta, originating in Episode 1, 2) a newly formed
BH originating in Episode 2, and 3) the possible interaction
among these components observable in the standard features
of Episode 3.
The joint observations of the Swift, NuStar and Fermi satel-
lites have offered the unprecedented possibility of clarifying
these new regimes with the addition of crucial observations
in the optical, X-ray and high energy radiation for Episode 3
of GRB 130427A, leading to equally unexpected results. The
remainder of this article is dedicated to the understanding of
Episode 3 of this remarkable event.
7 GCN 14526: The late X-ray observations of GRB 130427A by Swift-
XRT clearly evidence a pattern typical of a family of GRBs associated to
supernova (SN) following the Induce Gravitational Collapse (IGC) paradigm
(Rueda & Ruffini 2012; Pisani et al. 2013). We assume that the luminosity
of the possible SN associated to GRB 130427A would be the one of 1998bw,
as found in the IGC sample described in Pisani et al. 2013. Assuming the
intergalactic absorption in the I-band (which corresponds to the R-band rest-
frame) and the intrinsic one, assuming a Milky Way type for the host galaxy,
we obtain a magnitude expected for the peak of the SN of I = 22 - 23 occurring
13-15 days after the GRB trigger, namely between the 10th and the 12th of
May 2013. Further optical and radio observations are encouraged.
3.2. Data Analysis of Episode 3 in GRB 130427A
GRB 130427A was first observed by the Fermi-GBM at
07:47:06.42 UT on April 27 2013 (von Kienlin 2013), which
we set as the starting time t0 throughout the entire analy-
sis. After 51.1 s, the Burst Alert Telescope (BAT) onboard
Swift was triggered. The Swift Ultra Violet Optical Tele-
scope (UVOT) and the Swift X-ray Telescope (XRT) began
observing at 181 s and 195 s after the GBM trigger respec-
tively (Maselli et al. 2013). Since this was an extremely bright
burst, successively more telescopes pointed at the source: the
Gemini North telescope at Hawaii (Levan et al. 2013), the
Nordic Optical Telescope (NOT) (Xu et al. 2013) and the
VLT/X-shooter (Flores et al. 2013) which confirmed the red-
shift z = 0.34.
GRB 130427A is one of the few GRBs with an observed ad-
equate fluence in the optical, X-ray and GeV bands simultane-
ously for hundreds of seconds. In particular it remained con-
tinuously in the LAT field of view until 750 s after the trigger
of Fermi-GBM (Ackermann et al. 2013), which gives us the
best opportunity so far to compare the light curves and spec-
tra in different energy bands, and to verify our IGC paradigm.
We did the data reduction of Fermi and Swift satellites by the
following methods.
Fermi: Data were obtained from the Fermi Science Sup-
port Center8, and were analyzed using an unbinned likelihood
method with Fermi Science Tools v9r27p19. Event selections
P7SOURCE_V 6 and P7CLEAN_V 6 were used, depending
on which one gave more stable results. Recommended data
cuts were used (e.g., zmax = 100 degree). The background is
composed of the galactic diffuse emission template and the
isotropic emission template as well as about 60 point sources
which are within the 15 degree radius of the GRB (however,
their contribution was found to be negligible). The parame-
ters for the background templates were held fixed during the
fit. Luminosity light curve in Figure 5 corresponds to the en-
ergy range of 100 MeV to 100 GeV, circle radius of 15 de-
grees, with a power law spectra assumption. Since the data
points up to the last two give a photon index of ' 2.1 with
small errors, we set the photon index for the last two points
to the value 2.1 during the fitting procedure in order to ob-
tain more stable results. The light curve can be obtained with
great temporal detail before 750 s. However, since we are in-
terested in the general behavior of Episode 3, for simplicity
we neglected such a fine temporal structure and we rebinned
the light curve. Therefore there are only 3 data points up to
750 s. The spectrum is plotted in Figure 6.
Swift: XRT data were retrieved from UKSSDC 10 and were
analyzed by the standard Swift analysis software included in
the NASA’s Heasoft 6.14 with relevant calibration files11. In
the first 750 s only Windows Timing (WT) data exists and the
average count rate exceeds 300 counts/s: the highest count
rate even reaches up to 1000 counts/s, far beyond the value of
150 counts/s which is suggested for the WT mode as a thresh-
old of considering pile-up effects (Evans et al. 2007). Pile-up
effects cause the detector to misrecognize two or more low
energy photons as a single high energy photon, which soft-
ens the spectrum. We adopted the method proposed by Ro-
mano et al. (2006), fitting dozens of spectra from different
8 http://Fermi.gsfc.nasa.gov
9 http://Fermi.gsfc.nasa.gov/ssc/data/analysis/
software/
10 http://www.Swift.ac.uk
11 http://heasarc.gsfc.nasa.gov/lheasoft/
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Figure 5. The multi-wavelength light curve of GRB 130427A. The high en-
ergy (100 MeV–100 GeV) emission detected by Fermi-LAT marked with red
and soft X-ray (0.3–10 keV) data from Swift-XRT marked with blue are de-
duced from the original data. NuStar data (3 – 79 keV) marked with orange
comes from (Kouveliotou et al. 2013). The optical (R band, center at 629
nm) data marked with green comes from ground based satellites (Perley et al.
2013). The error bars are too small with respect to the data points except for
Fermi-LAT data. The horizontal error bars of Fermi-LAT represent the time
bin in which the flux is calculated and vertical bars are statistical 1−σ errors
on the flux (the systematic error of 10% is ignored). The details in the first
tens of seconds are ignored as we are interested in the behavior of the high
energy light curve on a longer time scale. The vertical gray dashed line at
(∼ 400s) indicates when the constant decaying slope starts. It is clear that all
the energy bands have almost the same slope after 400 s in Episode 3.
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Figure 6. Top: Data from the Swift-XRT (0.3–10 keV) in the time range of
461–750 s for GRB 130427A. The data shows the photon index for different
region selections after considering the pile up effect. After 6 inner pixels the
photon index approaches an almost constant value of 1.52. Bottom: Spectra
of GRB 130427A in the time range of 461–750 s. The green data points are
from Swift-UVOT (Perley et al. 2013), the blue and gray points come from
Swift-XRT and red data correspond to Fermi-LAT. The horizontal error bars
are energy bins in which the flux is integrated and the vertical ones are 1−σ
statistical errors on the count rate. The gray data points correspond to unab-
sorbed Swift-XRT data while the blue ones are obtained with the assumption
of absorption.
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Figure 7. Spectral fitting of three time intervals (196s - 246s, 246s - 326s,
326s - 461s) in Episode 3, data come from Swift-XRT (0.3 KeV - 10 KeV,
without pile-up area). Black points are the deduced data, green dashed line
presents the thermal component, blue long-dashed line is the power law com-
ponent, and red line shows the combination of these two components. Clearly
the flux of thermal component drops and the temperature decreases along the
time.
inner sizes of box annulus selections in order to determine the
extent of the distorted region. Taking the time interval 461 s
to 750 s as an example, the deviation comes from where the
inner size is smaller than 6 pixels, shown in Figure 6. Then
we applied the standard XRT data analyzing process (Evans
et al. 2007, 2009) to obtain the spectrum, plotted in Figure 6.
For the luminosity light curve, we split XRT observations in
the nominal 0.3–10 keV energy range to several slices with a
fixed count number, and we followed the standard procedure
(Evans et al. 2007, 2009) and considered the pile-up correc-
tion. The XRT light curves of different bands are shown in
Figure 5.
3.3. The X-ray qualification of GRB 130427A as a BdHN
Here we first focus on the extended X-ray emission of
Episode 3 which, as we have shown above, gives the qual-
ifying features for the identification of GRB 130427A as a
BdHN. We first proceed to identify the power law compo-
nent of the light curve after the steep decay and the end of the
plateau. This power law component, in the present case of this
most energetic source GRB 130427A, has a power law index
α = −(1.31± 0.01) and it extends all the way from 400 s to
∼ 107 s without jet breaks. These results are consistent with
some previous papers (see e.g. in Perley et al. 2013; Laskar
et al. 2013) which find no jet break, but differs from (Maselli
et al. 2013) in which a break of the later time light curve is
claimed.
We turn now to an additional crucial point: to confirm that
the X ray emission of Episode 3 belongs to the SN ejecta and
not to the GRB. To do this it is crucial, as already done for
other sources (Ruffini et al. 2014b), to determine the pres-
ence of a thermal component in the early time of Episode 3
and infer its temperature and the size of its emitter. Indeed,
by analyzing the XRT data, we find that adding a blackbody
component efficiently improves the fit with respect to a single
power law from 196 s to 461 s. The corresponding blackbody
temperature decreases in that time duration from 0.5 keV to
0.1 keV, in the observed frame. Figure 7 shows the evolution
of the power law plus blackbody spectra in three time inter-
vals, clearly the flux of thermal component drops along the
time, as well as the temperature corresponding to the peak
flux energy decreases. Kouveliotou et al. (2013) find that a
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to 10 KeV. From this figure, clearly the Fermi-LAT emission reaches highest
fluence at about 20 s while the gamma-ray detected by Fermi-GBM releases
most of the energy within the first 10 s.
single power law is enough to fit the NuStar data in the NuStar
epochs, the reason could be that the thermal component has
faded away or exceeded the observational capacity of the Swift
satellite in the NuStar epochs, which start later than 105 s.
By assuming that the blackbody radiation is isotropic in the
rest frame, the emitter radius along the light of sight increases
from ∼ 0.7× 1013 cm at 196 s to ∼ 2.8× 1013 cm at 461 s
in the observed frame, orders of magnitude smaller than the
emission radius of the GRB, which is larger than 1015 cm in
the traditional GRB collapsar afterglow model. The size of
1013 cm at hundreds of seconds is consistent with the obser-
vation of supernova ejecta. After considering the cosmolog-
ical and the relativistic corrections, tda ' t(1 + z)/2Γ2, where
t and tda are the time in the laboratory and observed frame
respectively, and Γ is the Lorentz factor of the emitter, we
get an expansion speed of ∼ 0.8c, corresponding to Lorentz
factor Γ = 1.67. These results contradict the considerations
inferred in (Maselli et al. 2013) Γ ∼ 500, which invoke a
value of the Lorentz factor in the traditional collapsar after-
glow model (see e.g. Mészáros 2006). Again in the proto-
typical GRB 090618, the Lorentz factors (1.5 ≤ Γ ≤ 2.19)
and emission radii (∼ 1013 cm) are very similar to the ones
of GRB 130427A presented in Ruffini et al. (2014b). It is in-
teresting that such a thermal component has been also found
in the early parts of Episode 3 of GRB 060729 (adopted in
Fig. 4) and many other SN associated GRBs (see Ruffini et al.
2014b; Grupe et al. 2007; Starling et al. 2012).
3.4. Discussion of multi-wavelength observations in
Episode 3
Now we turn to the most unexpected feature in the analysis
of the optical, X-ray, γ-ray and very high energy emission in
Episode 3 of GRB 130427A. The optical emission was ob-
served by Swift-UVOT and many ground-based telescopes (R
band as an example for the optical observation). The soft X-
ray radiation was observed by Swift-XRT (0.3–10 keV). Sim-
ilarly the hard X-ray radiation was observed by Swift-BAT
(15–150 keV) and by NuStar (3–79 keV). The gamma ray
radiation was observed by Fermi-GBM (8 KeV –40 MeV),
and the high energy radiation by Fermi-LAT (100 MeV –
100 GeV). The main result is that strong analogies are found
in the late emission at all wavelengths in Episode 3: after
400s, these luminosities show a common power law behavior
with the same constant index as in the X-ray (and clearly with
different normalizations), by fitting multi-wavelength light
curves together we have a power law index α = −(1.3±0.1).
Turning now to the spectrum, integrated between 461 s and
750 s, the energy range covers 10 orders of magnitude, and the
best fit is a broken power law (see Fig. 6). In addition to the
traditional requirements for the optical supernova emission in
Episode 4, the much more energetically demanding require-
ment for the general multi-wavelength emission of Episode 3
has to be addressed.
3.5. The onset of Episode 3
In the previous sections we have emphasized the clear evi-
dence of GeV emission and its analogy in the late power law
luminosities as functions of the arrival time for the X-ray, op-
tical and GeV emissions. Equally important in this section is
to emphasize some differences between the X-, γ-ray, and the
high energy GeV emission, especially with respect to the on-
set of Episode 3 at the end of prompt emission in Episode 2
(see Fig. 8). We observe:
1) The γ-ray light curves, observed by Fermi-GBM and
hard X-ray observed by Swift-BAT, have similar shapes. They
reach the highest luminosity between 4 s to 10 s during the
prompt emission phase of Episode 2.
2) The high energy (> 100 MeV) GeV emission gradually
rises up, just after the gamma and X-ray prompt emissions
drop down at the end of Episode-2: the high energy GeV
emission raises to its peak luminosity at about 20 s.The turn
on of the GeV emission coincides, therefore, with the onset of
our Episode 3. These considerations have been recently con-
firmed and extended by the earliest high energy observations
in GRB 090510 (Ruffini et al. 2014, submitted to ApJL).
3) At about 100 s, the Swift-XRT starts to observe the soft
X-ray and a sharp spike appears in the hard X-ray and gamma
ray bands (see Fig. 8). Only at this point the Swift-XRT started
to observe soft X-ray. We are currently addressing the occur-
rence of the spike to the thermal emission observed to follow
in the sharp decay of the X-ray luminosity prior to the plateau
and the above mentioned common power law decay (Ruffini
et al. 2014).
The detailed analysis of the prolonged emission observed
by Fermi-LAT in GeV enables us to set specific limits on the
Lorentz factor of this high energy emission. We have analyzed
the GeV emission from ∼ 300 s to 2.5× 104 s, dividing this
time interval into seven sub-intervals and in each of them col-
lecting the corresponding maximum photon energy and pho-
ton index of the spectral energy distribution, as shown in Ack-
ermann et al. (2013, Fig. 2). We have focused our attention on
the estimate on the Lorentz factor for this high energy compo-
nent from the usual optical depth formula for pair creation τγγ
(see, e.g., Lithwick & Sari 2001; Gupta & Zhang 2008). We
have computed for different values of radii of the emitter, the
corresponding Lorentz factors at the transparency condition,
i.e., τγγ = 1, see the solid curves in Figure 9. The constraints
on the size of the emitting regions come from causality in the
ultra-relativistic regime, i.e., Rem = 2Γ2c∆t, where ∆t corre-
sponds to the duration of the time intervals under considera-
tion (see the dot-dashed curves in Figure 9). The values of
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Figure 9. Constraints on the Lorentz factors and on the size of the GeV
emitting region at the transparency point. Solid curves represent the curves
defined by varying the emitting region size from the τγγ = 1 condition; dot-
dashed curves represent the radius of the emitter obtained from causality in
the ultra-relativistic regime, i.e., Rem = 2Γ2c∆t. Filled circles correspond to
the solutions of both the limits. The different colors refer to the time intervals
from ∼ 273 s to 24887 s, in the order: cyan, green, blue, purple, red, orange,
and pink.
the Lorentz factor ranges between ∼ 10 and ∼ 40 and corre-
spondingly, the radii of the emitting region at the transparency
point are located between ∼ 1016 cm and ∼ 2×1017 cm (see
the filled circles in Figure 9).
3.6. General considerations on recent theoretical progress
on BdHD
The concurrence of the above well-defined scaling laws
and power law of the observed luminosities both in the X-
ray and/or in the optical domains in the Episode 3 of GRB
130427A have been considered arguments in favor for look-
ing to the r-process and to heavy nuclei radioactive decay as
the energy sources (Ruffini et al. 2014b),(see the pioneering
work of Li & Paczynski 1998). The extended interaction of
the ν-NS and its binary NS companion in the SN ejecta pro-
vides environment for r-processes to create the needed neu-
tron rich very heavy elements to attribute some of the elec-
tromagnetic energy in Episode 3 to nuclear decay, ≈ 1052 erg
. Alternatively, we are considering emission originating from
type-I and type-II Fermi acceleration mechanisms, introduced
by Fermi precisely to explain the radiation process in the SN
remnants (Fermi 1949). Also these processes can lead to a
power law spectrum (Aharonian 2004), similar to the one pre-
sented in this article and in our recent letter (Ruffini et al.
2014b). The GRB emission of Episode 2 interacting with the
Supernovae ejecta could represent that energy injection long
sought by Fermi for the onset of his acceleration mechanism
(Fermi 1949).
Both of the above processes can indeed operate as energy
sources for the mildly relativistic X-ray component and the
relativistic GeV emission of Episode 3.
We are currently examining additional BdHN sources and
giving particular attention to understanding the highest GeV
energy emission, which is unexpected in the traditional r-
process. The inferred Γ Lorentz factor for the GeV emission
point to the possibility of a direct role of the two remaining
components in the IGC paradigm: the newly born neutron star
(νNS) and the just born Black Hole (see Fig. 1) There is also
the distinct possibility that these two systems have themselves
become members of a newly born binary system12 (Rueda &
Ruffini 2012).
4. CONCLUSION
We have recalled that GRB 130427A is one of the most en-
ergetic GRBs ever observed (Eiso' 1054 ergs), with the largest
γ-ray fluence and the longest lasting simultaneous optical, X-
ray, γ-ray and GeV observations of the past 40 years. For this
reason we have performed our own data analysis of the Swift
and Fermi satellites (see Secs. 3) in order to probe the BdHN
nature of this source (see Sec. 3.3) and infer new perspectives
for the IGC paradigm and the physical and astrophysical un-
derstanding of GRB.
We summarize the main results by showing how the anal-
ysis of GRB 130427A should be inserted in a wider con-
text with three different areas: a)the formulation and the ob-
servational consequences of the IGC paradigm; b) the com-
prehension induced by the multi-wavelength observations of
GRB130427A; c) the BDHN versus HN properties. Rele-
vance of BDHN in establishing a new alternative distance in-
dicator in astrophysics. Each one of these topic is going to be
summarized in 3 bullets.
With reference to the formulation and observational conse-
quences of the IGC paradigm:
1a) The IGC paradigm introduces in Astrophysics a new ex-
perience which has been already successfully applied in parti-
cle physics: to understand that a system traditionally consid-
ered elementary is actually a composed system and that new
components in the system can appear at the effect of collisions
or decay. Well known physical examples are represented by
the introduction of the quark Aad et al. (2012), or the creation
of new particles in a decay or collision of elementary parti-
cle systems: the Fermi theory of beta decay or the mesons
production in en electron positron collision in storage rings
are classical examples. These facts are today routinely ac-
cepted in particle physics although Fermi had to spend efforts
to explain them at the time (Fermi 1934). In astrophysics this
situation is new: to see that a process until recently consid-
ered elementary, as the GRB, does indeed contains four dif-
ferent astrophysical systems and that two of them, the FeCO
core undergoing SN and the companion NS binary, interact-
ing give origin to two different new system a νNS and a BH
and especially that the entire process occur in less the 200 s is
a totally new condition. For its understanding a new approach
technically and conceptually is needed. The new style of re-
search is more similar to the one adopted in particle physics
then the one in classical astronomy, see Figure 1.
2a) Possibly the most profound novelty in this approach, for
the understanding of GRBs, has been the introduction of the
four episodes shortly summarized in Sec.1. The traditional
GRB description corresponds to Episode 2. Episode 1 corre-
sponds to the dynamical accretion of the SN ejecta onto the
companion NS. We are now considering an enormous rate of
accretion of 1031 g s−1, 1015 times larger then the one usually
considered in binary X-ray source in systems like Centaurus
X-3 or Cygnus X-1 (see e.g., in Giacconi & Ruffini 1975).
This process has opened a new field of research by presenting
the first realization of the hypercritical accretion introduced
by Bondi-Hoyle-Littleton as well the testing ground of the
neutrinos emission pioneered in the Zel’dovich et al. (1972)
and Ruffini & Wilson (1975), see Sec. 1. The pure analytic
12 Presentation of R.Ruffini in Yerevan: http://www.icranet.org/ images/
stories/Meetings/meetingArmenia2014/talks/ruffini-1.pdf
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simplified solutions in Rueda & Ruffini (2012) have been now
supported by direct numerical simulation in Fryer et al. (2014,
and Fig. 1 therein).
3a) The main revolution of the IGC paradigm for GRBs
comes from the discovery of the universal laws discovered in
Episode 3 which compare and contrast to the explosive, ir-
regular phases, varying from source to source in all observed
GRBs, in their Episode 1 and Episode 2.The universality of
Episode 3 as well as the precise power laws and scaling laws
discovered changes the field of GRB analysis making it one
of time resolved, high precision, reproducible measurements.
Additional unexplored physical phenomena occurs in Episode
3, adding to the new ultra-relativistic regimes already ob-
served in the Episode 2 in previous years13, see Figure 3 and
Figure 4 as well as Figure 5.
With reference to the comprehension induced by the multi-
wavelength observations of GRB130427:
1b) Following the work on the GS (Pisani et al. 2013) and
the more recent work on the nested structures (Ruffini et al.
2014b), we have first verified that the soft X-ray emission of
GRB 130427A follows for time t ' 104 s the power-law decay
described in Pisani et al. (2013). Surprisingly in this most en-
ergetic GRB unveils such power-law behavior already exists
at the early time as t∼ 100 s (details in Ruffini et al. (2014b)).
From the X-ray thermal component observed at the beginning
of Episode 3 following a spiked emission at ∼ 100 s, a small
Lorentz factor of the emitter is inferred (Γ < 2): this X-ray
emission appear to originate in a mildly relativistic regime
with a velocity v∼ 0.8c, in addition it does not appear to have
substantial beaming and appears to be relatively symmetric
and with no jet break, see Figure 5, and Ruffini et al. (2014b,
Figure 2).
2b) We have proceeded to make a multi-wavelength anal-
ysis of Episode 3 where we have compared and contrasted
optical data from Swift-UVOT and ground based telescopes,
X-ray data from Swift-XRT, γ-ray data from Fermi-GBM, as
well as very high energy data in the GeV from Fermi-LAT.
The high energy emission appears to be detectable at the end
of the prompt radiation phase in Episode 2, when the fluence
of X-ray and γ-ray of the prompt exponentially decrease and
becomes transparent for the very high energy photons in the
Fermi-LAT regime. From the transparency condition of the
GeV emission a Lorentz Gamma factor of 10−40 is deduced.
In principle this radiation, although no brake in its power law
is observed, could be in principle beamed, see Figure 9.
3b) Although the light curves of X-ray and GeV emission
appear to be very similar, sharing similar power-law decay in-
dex, their Lorentz Γ factors appear to be very different, and
their physical origin are necessarily different. Within the IGC
model the X-ray and the high energy can originate from the
interaction of some of the physical components (e.g., neutron
star and black hole) newly created in the C-matrix: the in-
teraction of the GRBs with the SN ejecta (Ruffini et al. 2014)
may well generate the X-ray emission and the associated ther-
mal component. The high energy should be related to the
novel three components, the BH, the νNS and the SN ejecta.
From the dynamics it is likely that the νNS and the BH form
a binary system, see e.g., Rueda & Ruffini (2012) and the pre-
sentation by one of the authors14.
13 Presentation of R.Ruffini in 13th Marcel Grossmann Meeting:
http://www.icra.it/mg/mg13
14 Presentation of R.Ruffini in Yerevan: http://www.icranet.org/images/
stories/Meetings/meetingArmenia2014/talks/ruffini-1.pdf
With reference to the the BDHN versus HN properties:
1c) The verification of the BdHN paradigm in GRB
130427A has confirmed that for sources with isotropic en-
ergy approximately 1054 erg, the common power law behav-
ior is attained at earlier times, i.e., ∼ 103 s, and higher X-
ray luminosities than the characteristic time scale indicated in
(Pisani et al. 2013), see Figure 3. From the observation of
the constant-index power law behavior in the first 2×104 s of
the X-ray luminosity light curve, overlapping with the known
BdHNe, it is possible to have an estimate of: 1) the redshift
of the source, 2) the isotropic energy of the GRB and 3) the
fulfillment of the necessary and sufficient condition for pre-
dicting the occurrence of the SN after ∼ 10 days in the rest
frame of the source, see e.g., GCN 14526. This procedure has
been successfully applied to GRB 140512A (Ruffini et al. in
preparation).
2c) The overlapping with the GSmembers of the late X-ray
emission observed by swift XRT, referred to the rest frame of
the source, introduces a method to establish and independent
distance estimator of the GRBs. Although this method has
been amply applied (e.g. GRBs 060729, 061007, 080319,
090618, 091127, 111228A), we also declare that there are
some clear outlier to this phenomenon: GRB 060614 (Ruffini
et al. 2013a), 131202A (Ruffini et al. 2013c) and 140206A
(Ruffini et al. 2014a). These are all cases of great interest and
the solution of this contradictions my reveal to be of particular
astrophysical significance. Particularly interesting is the case
of GRB 060614 since the cosmological redshift has not been
directly measured and there can be a misidentification of the
host galaxy (Cobb et al. 2006).
3c) As first pointed out in Rueda & Ruffini (2012) and
Ruffini et al. (2014b), further evidenced in Fryer et al. (2014),
the crucial factor which may explain the difference between
the family 1 and family 2 of GRBs is the initial distance be-
tween the FeCO core and its binary NS companion. The ac-
cretion from the SN ejecta onto the companion NS and the
consequent emission process decrease by increasing this dis-
tance: consequently is hampered the possibility for the binary
companion NS to reach its critical mass (see Fig. 3 and Fig. 4
in Izzo et al. 2012, and the discuss therein). Unlike family
2, in family 1 no BH is formed, no GRB is emitted, and no
Episode 2 nor Episode 3 exist, only a softer and less ener-
getic radiation from the accretion onto the neutron star will
be observed in these sources. The problem of explaining the
coincidence between the GRB and supernova in the case of
the family 1 is just a tautology: no GRB in this family exist
but only a hypernova Ruffini et al. (2014b).
This article addresses recent results on the IGC paradigm
applied to long GRBs. The IGC paradigm and the merging of
binary neutron stars has been also considered for short GRBs
(see e.g., Muccino et al. 2013a,b, 2014; Ruffini et al. 2014b)
and is now being further developed.
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